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AND CRBLIQUE INCIDENCE OF FLOW

By A. Livpisch and ¥, Beuschausen

CONTTITS IN ERITF

(VS A o S

The rresent report contains the results of a series
of ctzervations obtained for & wing of symmetrizal profile
for cifferent sngles of yaw. The shock tunnel with
Q.im x C.m cross cection, of the Institute for Sas
Dynemics at L.F.A. - Bravnchweig was available for this
worke.

Tne profile used was a 9 percent, thick hyperbelic
profils with rmaximum thickness 0 percent aft, which was
calculated by the method cof F. Ringler (2. 3ince the
confermal transformation of this »rcfile is krnown, ths
thecreticel nressure distribution could te Jdetermined-
exactly feor the case of incowprescitls flew., Then by the
use cf the Prandtl ruvle one mey extend the compsr’scen of
thecry and exneriment to the case ¢f higher velocity of

incident flow,
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I. REASONS FOR THE INMVESTIGATION

It was known, from theoretical considerations
resgecting a wing with otlique flow 1incidence, that
the obligue flow incidence caused by sweepback would
have very favcrable effect on drag, in the region of
higher speeds (1). These theoretical conclusions have
recently been confirmed by high-sceed measurements of
swept-back wings. Hence,it seemed desirable to carry
out vressure-distribution measurements in a high-speed
tunnel in order to get more light on the effect of
obligque incidence of flow.

II. THE MODEL AND THE EXPFRIMENTAL ARRANGEMENTS

The wing model had a chord of 80 millimetersand
was made in a similer way to the model with flaps tested
by us in the ssme tunnel (3). At the midsection,
along the top» znd beottom surfaces, there were a number
of pressure holes. Figure 1 shows the profile section
as well as the three orientations of the wing in the
wind tunnel. For obligque flow incidence, then, the
section where the measurements were taken was obllique
to the direction of flow and perpendiculer to the span
axis. As described in reference %, the wing was held
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laterally in rotable jaws Installed in the side of the
tunnel. This arrangement was slso used fcr the evperi-
ments in yaw, so that the angle of attack is definec as
the srgle rerpenaicular te the span axis. The measure-
mentQ were cawried out in the sams way described in
detail in ocur first report. Yo tunnel—wall corrections
were msde; that is, ccrrection for the finits extent of
the jet ol zir.

bt
i
=

I, DISCUSSICN OF THZ IXPERINENTAL RESULTS

(a) Angle of Yaw P = 0.- Pigures 2 to 5 give the
measured oressure distriontions for zero sngle of vaw.
In order to minimize e.,urlmu‘tal error the pressure
dis*wl*u,lcn wee msacurad st both positive and regative

engliss of sttack. Cemparing the two serlerc of chsserva-
tions, it was found that there were small errors in the
setting of the positive angles cf attack, and thet
construction errors wers present on the top side of the
wing. TFor these resacons, the rurns at negative znz2le of
attack are prasented in this section and ir all the

n

foll omin: secticns; thus, ths upper surfice o the wing

is used az the pressure zide and i“ this way cthe zceuracy
of measurement is nct very much Impaire

The nressure-dicstribtntion messurements at zero
gshow esssntially the same phenomena tkat are known T
rnumercue earlier msasurzments of other investigators.
Here it is nctewerthy that the hyperbolic profile, which
is especially well staned to minimize local =zxcess
velocity, permits a shock-free flow tc comparatively
.kigh Mach number.

From the messured pressure cistributicns, ¢, and cm
sre deterrinasd in the usual manrer. TFigure 6 gives th
granh of normal-force ccefficient versus lisch number at
constant angles of attazk. As is already Vknown from
cther measuremerts, the increase of 1ift with compressi
bility acting is in cgrsement with the Prarndtl rule. A
family of curves drawn in the figure shows this. This
agreement lasts until the velocity of sound is reached
locally at the nlace cn the nrofils contour of maximum
velocity. This 1imit 1s indicated by the dotted curve.
From there on the 1ift begins to increase more steeply
than predicted by the Prandtl »ule, but the 11ft
°uhaequ°nflj goes into a steep decreece. Trhis phenomenon
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t1s also known from numerous earlier measurements. The
same thing may be noted in the veariatlion cf the moment
cosfficient with Mach number. (See fig. 7.)

Ficures & and 9 give the variation of ¢, with
& n
angle of attack and also the graph of ¢y versus cCp

which determines the position of the center of oressure.

If one fairs the curves with straight lines and determines
the slope 2t the origin, one obtsins the curves given in
figure 10. The 1ift curve slope dcn/da in 1ts dependence
on Mach mumber should, according to the theory, likewise
obsy the Prandtl rule. One sses from the granh that at
high Mach numbers this 1z no longer the cese but that

there is present an essentlally greater increase of 1ift.
This deviation from the Prandtl rmule may, howsver, be
exnlained if one considers that for measuremente in the
closed tunnel, the decrease of cross secticn caused by

the model produces an increase of veloclty at the

lcecation of the wing relative to the veloclty corresponding
to lig, which 1ls descriptive of the undisturbed flow

shead of the wing. A correctinn to the Mach number

(fig. 11) may be derived (L) fron the dimenslons of the
tunnel and of the model which takes care of this con-
striction effect. Then the corrective curve gilven In
fignre 10 shows & very good agreement with the Prandtl
rule.

The nosition of the neutral point is indicated by
the grenh of dcm/dcn versus the Mach number. €ne sees
that a change in positicn of the center of pressure does
not take place until the super criticsl region is
reached, that is, until a compression shoclt oscurs.
Comsered to other measurements this feature of the
experimental results is worthy of note and may well be
due nrincipally to the favorable shape of the wing
profile.

(b) Angle of Yaw 28 = 20°.- Figures 12 to 15 give
the experimental vprecsure distributions for the wing at
an oblique setting of 20°. 1In the plots thers will bLe
found on the aris of ordinstes specially marked the
values of p/q corresoonding, cn the cne hand, to the
greatest possible excess of nressure (M = Q) and, on
the other hand, to the locsl incidence of the veloclity
of sound (M = 1.C). As a result of the obligue incidence
of flow, these limiting values reguire a correction
compared with the corresponding values of wing at zero yaw,
since the effective lach number for the wing in yaw is
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decreased by the cosine cf the yaw angle. In this way
the pressure coefficlent at a stagnetion »neoint is
calculated to be:

AD 2 -1 K-1
(“) = 1+ k-1 MOZ x cos25 -1
¥=C 2

35 - K x M02

S

Actually, for the wing in yaw a stegnation point is no
longer formed, since the flow at the lesding edze goes
to one eide as well as tc the rear. TFigure L5 shows the
maximam pressvre ccefficient Ap/e, Tfor 1 =0 at the
three angles cof yaw at which measurements were taken.

Teking Into esecount the cblique incid:zuce cf flow,
the vslue of the pressure coefficient Ap/qo, cerre=-
sponding te the local occurrence of the velccity of
sound (M =-1)} is:

(éﬂ) = 2 ( 2y E-1 y y520s2E)" -2
%o/y=1.0 K xuF[\E+F1 K41

L : ]

Ficure L6 is a graph of this furction for the thrse
values ¢t yaw sngle used. From thls figure one sses the
considerable extension -of the suteritical region,
especially at lergs Mach number, since on scccunt of

the yaw the critical oressure coefficient nermits con-
siderably higher Mach numbers to be reached befcre the
velocity of sound occurs 1ocallg. Thus the pressure-
distribution measurements at 20° yaw show & significant
Improvement of properties at high ilsch numbers. The
decrease of excess velocitles, which indeed is to be
expected even for incompressible flow as a result of the
vaw (5), is evident in the case of high veloeity, thet is,
with the Influence of corpressibility present, to a
greater degree than weoculd te exrscied from potential flow
theory. '

It may be remarked that scme of the pressure holés
in tre ncse zot stopped up at angles c¢f attaczk 1°, 29,
and 3©, Hence, the curves are represented with a dash
line in this region.
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Various quantities calculated from the measurements
ars contained in figures 16 to 20. The variation of cp

with the Mach number for constant angles of attack has
become essentially less rapid than for the case of zero
yan., (See fig. 16,) If in the Prandtl rule, one tskes
into account the oblique flow, one gets the 1ift increass
resresented by the family of curves drawn on the flgure.
The agreement may be regarded as satisfactory although

it is noteworthy that individual curves show 2 less rapid
increase than is predicted by the thecry. The dashed
boundary curve shown indicstes sgsin those Mach numbers
at which the velocity of sound occurs for the first

time. For the variation of ¢, with the Mach number
(fig. 17) the agreement with the theoretical curves is.
better. If one were to obtain the values ¢f ¢y between
the Mach numbers of 0.7 and 0.8 by ertrapolating the
measurements obtained at small Mach numbers, one would,
in general,obtain slightly smaliler values than those
actually measured. This phenomenon which may also be
observed for f = 40° indicates an influence of oblique
flow incidence which has noct yet been explained. The
1ift curve slope increases more rapidly with the Mach
number than would be predicted by the Prandtl rule. But
this mey also be explained by the constricted flow at

the location of the wing. To bhe sure, in the case of
oblique flow incidence, the constriction effect would

not be pnresent to such a great extent, so that the
correction valid for zero yaw is no longer valid. The
curve dcm/dcn shows initislly a2 slight forward dis-
rlacement of the center of pressure. This phenomenon 1s
likewise patently connected with the oblicue incidence.

(c) Angle of Yaw £ = j0°.- The experimental
presstre distribution for P = 40° are given in
figures 21 to 2li. Tre reduction of pressure as a result
of yaw is for { = 4,0° already so large thet at small
angles of attack compression shocks are completely
avoided, although measurement could be continued to
considerably higher Mech numbers than is the case of
the wing at zero yaw. Not until M, 1is approximetely
.9l or 0.96 are separation phenomena which are caused
by a compression shock tc be observed. The change of
pressure distribution, which is cbviously caused by a
shock, leads one to conclude, however, that In the case
of obligue flow incidence there sre other influences
acting than in the case of zero yaw. For to a first
approximation one would expect the pressure distributions
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for zerc yaw and for yaw different from zero to agree if
the effective Mach numbers were taken intc account.
Palow the critical Mach number this is actuslly the csse.
It 1s,however, to be noted that this agreement no longer
exists sfter the velocity of sound has been resched
locally on the suction side of the profile, ot lesast for
the larger sweepbacks.

Various quentities cz2lculated from the pressure
distributions attained at 3 = QDO are collected in
figures 25 to 29.

Variaticn of nerm=l force with Mock number at con-
stant angles of sattack showed a wesksr incresse than
would be predicted from the Prandtl »ule, talking into
account the otligque flow incidence., The increase of
1ift at high Mach rumbers, which in a case of zero yaw
first tekes place when the velocity of scund is reached
loeslly, is sppsrent in the csses of obligue flow incidencs
before this critical 1limit is resachked, even thcugh it is
not strongly cdeveloped. The subsequent decrease of the
1ift either ccincides with the boundary curve or tskes
nlace before the boundary curve is rsached. OCn the
whole, however, the influence of high sreed on the
normal fcrce at [ = L0® is markedly diminicshed, which
verrits the unequivocal conclusion that one will cbtain
essentially more favorahle relations at high speed by
meens of sweepback. At £ = 40° the effect on the
moment coefficlent is likewise still very small. EHere
agzin thers is a smsll deviation of the observaticns
frem the Prandtl fule. Also the 1ift curve tlovne dcyp/da
up to tre vicinity of My = 0.7 1is flatter than would
be predicted bty the Prandtl rule, In the region of high
Mach numbers the position of the neutrsl point shows a
pronounced forward displacement which we have observed
to a2 less marked extent for the 2C° yaw. Thus the results
of the measurements not only confirm the theory but are
slightly more favorable tharn the theory when it comss to
ameliorating the effect of high speed.

IV. COMPARISCK CF SCME QUANTITIZS CALCTLATED FROM

THD MEASUREMENTS

Figures 3C to 3% give & comuerison of certain
quantities calculeted from the erzperimentsl pressure
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diztributions for the three angles of ycn. It fe esvecially
netzd that the neutral point is displacsd to the raar undsr
tlhie influsnce of yeu. The ceuse of +u;s dicplacernens of

TS T c 2 ind

k&) -

lu
neutral pcins is net yet explained. Figures %22 and %5
8 normal-iorce coefficientes - and the moment coefl

S
cliow Tl @
sients - plotted versus the effective Lizch nuvmosr for the
dgiffer=nt angles cf yaw. If the a,proxiﬂau;cn used were
uncondit 5

0

io
i1cnde, or there could only bhe a swull narslle

e
nally valid, the curves for the three anigles
woeuld ¢ e
{

disrlocemant of the curves as a2 result of error in setiing
the angle of athack. F rom this ncint of view, the agrec-
zent of the messurements with sach ovher Lo satiglactor]
un to the nelghborhood of M, ocos o= 5 ¥ g

el

neint on, the gnecial influe reos of
already alluded to, become so st PO“T
deviate from each oth@r to rn 2csentlo
capecially true for *hc neasvronents o

vhat ovwbent this differeat behavior of thoe wing in yaw

1o conmeched with the cilrcumstance that thoe messnyements
were csrried cut in a2 closced tunnel crrnet e deterniined.
It is, however, wnrobable that a pertion cf the deviations
mey he ottt vacd to this.

- ;.J.

V. COVPARIINY OF CERTATN PRIULIURN DISTRIRUTIONS

In fiﬂure: 2, 35, and 36 certaln snhal
Dressure stributions ars plctitced on e nome sheetb,
includ jhﬁ *Pe correchion for yaw, for purnoses oI
ccmpq"i<on. According to theory the curves ci e
granh should coincide, Althcush the arresuent at o = 20°
is very sabisfactory, the messwrements at [ = 100 show
a systemstic displacement in the dairection of larger
pressure deficiencies. The form of the »rsssure varia-
tion and 2leo the total Lift wihiich is revrssentsd by the
a the

curve are practically unciengad, This
change of the vrsasure distribution fo g
1

O
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»
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<
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et O
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e ,
iously must bhe caused hy an incrcose of volocl Ty
on the upper and lowsr side of the profile. One would
probably not be wronz in assumiang thabt the suvamented
velocity in the case of oblique Tlow incidence is caused
by @ ﬁhickeﬂing of the boundsry layer. This thickening
of the boun: lary layer is itszelf ceuscd %y thie lsteral
flow of boundary-laysr neberial from wing secbiome lying
ferther forward in the direction of the flow. In
figure 76 two precsure distributions are comnared whnich
were made above the critical region. Unfortunately the
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resultto be expected for B = LL0° could not be reached

since in this csse the vressure distribution wcul?d have

had to be measured above Ko = 1. The sgreemert for

g = C° and B = 20° 1is comparatively setisfactory. In
the region of the highest velocities the measurement at

g = 20 shows greater pressure deficiencies. This may

alsc be explaired by the presence of =2 thicker bLoundery

layer.

I. COMPARISON OF THEORETICAL AND MEASURED

3

PRYSSURE DISTRIBUTICHS

&

Figures 37 to Ll give a2 compariscn of the theo-
retical pressure distribution and the results of measure-
ment for ths wing at zerc yaw end different Mech numbers.
The calculated pr2ssure cistributions for inccmpressible
flow were modified by the Pranctl factor correcspondin
to the Mach number in guestion. Althouzh in general
there is g satisfactory agresment in the whole extent of
the loops esneclally et small Mach rumbers, there are
esneclally at the ncse c¢f the wing essantial deviaticns
between thecory and measurera2nt which withcut dcubi sre
to he attributed to en inaccurscy in the fabrication ef
the smail wing model. 1In particulzar,it ic sesen that the
calculated oressures ne=2r the leading edge 2re larger
than the measured values &t these nlzcss. A complcote
agreement between the model ané the theoretical profile
form is extraorcdinarily difficult to achieve in the
vicirity cf the nose for at tliese places the smallest
differences in the profile form must produce essential
change 1In the velocity distribution, Talzing intc con-
sideration these circumstances, the sgreement msy be
regarcded as satisfactory.

VII. SUMMARY

In this report sre given the results cf measurements
made cn a symmetricszl wing profile of 9 percsnt thickness,
et 0%, 20°, and };0° yaw vhich were obtained in the high-
speecd tunnel of the Institute for Gss Dynamics at LFA -
Brannchweig, Tsking into account the ¥nown theoretical
influence of yaw, a comparison of the measurements with
each other 1s undertsken which discloses certain systematie
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deviations between theorv and measurement. On the cther
hand the pressure-distribution measursments maks possible
a comprehensive insight into the flow ohenomena which are
producad by oblique flow incidence. The results ceonfirm
unecuivocally the beneficial effect cf yew in the high
veloclity region.

Translated by H. R. Grummann
McDonnell Alircraft Corporation
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